Introduction
Colorectal cancer is one of the most common human cancers and one of the major causes of cancer-related deaths [1, 2] . Surgery is still considered to be the first option for colorectal cancer treatment, especially for patients in the early stages of the disease. However, approximately 50% of colorectal cancer cases recur, and the tumor often undergoes metastasis after surgery, which may be attributable to a failure to find occult metastases or to achieve complete resection of the lesion [3] . Surgery combined with radiotherapy and chemotherapy has been shown to improve the five-year survival rate of patients significantly, but the toxicity and side effects of these therapies are of concern for improving the overall quality of patient survival [4] . Therefore, novel, more efficacious, and safer therapeutics are required in clinical settings to improve the management of colorectal cancer.
Bioactive peptides are isolated from animals, plants, or microorganisms and are usually easily digested and absorbed [5] . These peptides exhibit a variety of metabolic and physiological functions in humans. For example, some are able to lower blood pressure and promote nerve cell differentiation, which may be due to their hypolipidemic, anti-oxidative, antibacterial, and antiviral properties [6] . We extracted novel anticancer bioactive peptides (ACBPs) from goat spleens after they had been immunized with human gastric cancer extracts [7] . Our previous studies showed that ACBPs significantly and effectively inhibited tumor cell proliferation in gastric cancer, leukemia, nasopharyngeal cancer, and gallbladder cancer [7] [8] [9] [10] . In this study, we found that ACBPs significantly inhibited the 
Materials and methods
Production and purification of ACBPs ACBPs were prepared and purified as previously reported [7] . A concentration of 35 μg/mL was adapted for the treatment of cells throughout the study.
Cell culture HCT116 cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were maintained in IMDM culture medium (Invitrogen, Grand Island, NY, USA) that was supplemented with 10% heat-inactivated fetal bovine serum (FBS; TBD Science, China), 100 U/mL penicillin, and 100 U/mL streptomycin. HCT116 cells were cultured in a humidified atmosphere of 5% CO 2 at 37 °C.
Cell proliferation assay
Cells were seeded at a density of 1000 cells per well in 96-well plates containing IMDM with 10% FBS. Cells treated with ACBPs (35 μg/mL) or a control vehicle were measured once daily for 6 d. For the CCK-8 assay (Dojindo Molecular Technologies, Beijing, China), we followed the manufacturer's instru ctions. In brief, after adding 10 μL of CCK-8 solution to each well, cells seeded in the 96-well plate were incubated for 2 h at 37 °C and then examined at 450 nm with an ELISA plate reader.
Flow cytometry analysis
After having reached the logarithmic growth phase at a confluence of 70% to 80%, the cells were treated with ACBP (35 μg/mL) combined with 40 J/m 2 UV to induce apoptosis. At the indicated time points (1, 2, 3, 4, 5, and 6 h), groups of cells were treated with 0.25% trypsin-EDTA at 37 °C for 5 min and then collected and fixed with 75% ethanol overnight at 4 °C. The fixed cells were stained with 50 μg/mL propidium iodide (PI) and 50 μg/mL RNase A in PBS for 20 min at 37 °C. The DNA content of approximately 10000 cells was analyzed with a COULTER flow cytometer (EPICS-XL) and EXPO32-ADC software. The percentage of apoptotic cells (expressed as the percentage of the total number of cells) was also analyzed with the EXPO32-ADC software, and the results were presented in bar charts (prepared in Microsoft Excel).
Western blot analysis
Cells were lysed in 1× SDS-PAGE sample buffer, and the total protein was quantified using the BCA protein assay reagent (Thermo Fisher, Grand Island, NY, USA). The cell lysates were loaded onto a 12% SDS-PAGE gel and separated and then electrophoretically transferred to a polyvinylidene fluoride membrane. The membrane was blocked in a 5% skim milk suspension for 1 h at room temperature prior to an overnight incubation at 4 °C with one of the following primary antibodies: anti-poly (ADP-ribose) polymerase (PARP) (CST, Shanghai, China), anti-p53 (MBL, Woburn, MA, USA), antiMcl-1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), antip53 upregulated modulator of apoptosis (PUMA) (CST) or anti-GAPDH (Santa Cruz Biotechnology). The membrane was subsequently incubated with the anti-rabbit or anti-mouse HRP-IgG (Santa Cruz Biotechnology) secondary antibody for 1 h at room temperature. Chemiluminescence was detected with an ECL blot detection system (Santa Cruz Biotechnology).
Xenograft model and treatment
Eight-week-old athymic nude male mice (BALB/c nu/nu; Institute of Laboratory Animal Sciences, Chinese Academy of Medical Sciences, Beijing, China) were housed in a sterile animal facility and subcutaneously inoculated with HCT116 cells (1×10 7 ) in 0.1 mL PBS. The protocol for the treatment of the animals was reviewed and approved by our ethics committee. All mice developed single palpable tumors within one week after inoculation. The mice were randomly divided into control (n=5) and ACBP-treated (n=6) groups. A dose of 0.5 mL ACBPs (35 μg/mL) was administered daily via intraperitoneal injection in the treatment group, whereas the control mice were injected with 0.5 mL of normal saline (NS) solution. The mice were euthanized after 10 d of treatment. The tumors, livers, and spleens were collected, weighed, and dissected. Portions of each tissue were fixed in formalin and embedded in paraffin. Tissue sections were stained with hematoxylin and eosin (HE).
Immunohistochemistry Paraffin-embedded tissues were sectioned to a thickness of 4 µm and stained with HE, or immunohistochemistry (IHC) was carried out. The IHC protocol was modified based on the manual of the S-P Hypersensitive Kit (Maixin Biological Technology Development Co, Fuzhou, China). Antigen retrieval after deparaffinization was carried out by placing the samples in a microwave oven for 10 min. We used rabbit anti-human PARP (ab6079), rabbit anti-human PUMA (bs1573R), and rabbit anti-human Mcl-1 (bs1352R) antibodies obtained from the Biosynthesis Biotechnology Co (Beijing, China). The rabbit anti-p53 (MAB-0142) antibody, the S-P Hypersensitive Kit (mouse and rabbit; 812059710), and the 3,3'-diaminobenzidine (DAB) reagents (806180031) were obtained from the Maixin Biological Technology Co. Sections were stained with DAB, counterstained with HE, dehydrated in xylene, and mounted. After immunohistochemical staining, the samples were observed under a light microscope (Olympus, Tokyo, Japan), and the results were quantified using the Olympus CX41 Image Analysis System.
Statistical analysis
The data are presented as the mean±standard deviation (SD). 
Results
ACBPs inhibit the growth of HCT116 colorectal tumor cells in vitro in a time-dependent manner To quantify the inhibitory effect of ACBPs on cell growth, human colorectal tumor HCT116 cells were treated with either ACBPs (35 μg/mL) or vehicle controls. The CCK-8 assay was employed to measure cell growth once daily over a period of 6 d. Our results showed that ACBPs significantly suppressed the growth of HCT116 cells and that their inhibitory effects are time-dependent (Figure 1 ).
trol group. The mice in the treatment group were more active and had better appetites, and they resembled normal mice in appearance and body weight. At the end of the experiment, tumors were harvested, and the tumor weights of all groups were examined. Compared with the control group, ACBP treatment significantly suppressed tumor growth by approximately 43% ( Figure 3A) . The body weights of the ACBP-treated mice were not changed compared to those in the control, whereas the tumor weights of ACBP-treated mice were lower than the tumor weights of the control mice, although the values were not significantly different ( Figure  3B ). Liver weights and liver indices did not differ between the two groups ( Figure 3C ). In addition, The spleen weight of the ACBP-treated mice was not changed compared to those in the control, but the spleen weight ratio (%) was significantly lower compared with the controls (P=0.0015; Figure 3D ). Cell cycle progression and the apoptosis of the tumor cells in the different groups were examined by flow cytometry. ACBP treatment resulted in a higher incidence of apoptosis compared with the control, but the effects were not significant ( Figure  3E ). The cell cycle analysis indicated that ACBPs promoted 
ACBPs induce apoptosis in HCT116 cells
The ACBP-induced apoptosis of HCT116 cells was also quantified by Annexin V-FITC/PI staining and flow cytometry. Our results showed that the treatment of HCT116 cells with ACBPs at 35 μg/mL enhanced apoptosis that was induced by UV (40 J/m 2 ) exposure (Figure 2A and 2B) . To study the molecular mechanisms underlying the ability of ACBPs to enhance UV-induced apoptosis in HCT116 cells, we examined the expression of PARP, p53, Mcl-1, and PUMA, respectively. As shown in Figure 2C , ACBP treatment after 24 h resulted in increased PARP and p53 expression but decreased Mcl-1 expression. However, the expression of PUMA remained unchanged. These results were consistent with the timedependent effects of ACBPs on HCT116 cells that were observed after UV stimulation.
ACBPs suppress xenograft tumor growth in vivo
A xenograft nude mouse model was used to test the biological activity of ACBPs in vivo, and mice were inoculated with HCT116 cancer cells. Our results suggest that ACBP treatment improved the survival animals when compared with the con- Figure  3F ). HE staining showed that the tumors in the xenograft mice treated with ACBPs contained more cells that exhibited the characteristics of apoptosis than the controls ( Figure 3G ).
ACBPs induce molecules that promote cell apoptosis in vivo
We evaluated the expression levels of PARP, p53, Mcl-1, and PUMA in tissues of the xenograft mice by immunohistochemistry. As shown in Figure 4 , the expression of PARP appeared to be higher in ACBP-treated mice, but no significant difference was found compared with the control group (P=0.136). However, p53 was significantly upregulated (P=0.025), whereas Mcl-1 expression was dramatically decreased (P=0.003) in the ACBP-treated group compared with the control group. Consistent with the in vitro data, PUMA did not appear to be altered in either of the groups (P=0.671).
Discussion
ACBPs were isolated by our group from the spleens of goats that had been immunized with human gastric cancer extracts. Our previous study found that ACBPs had a remarkable ability to inhibit human gastric cancer growth both in vitro and in vivo [11] . In addition, ACBPs were found to sensitize tumor cells to cisplatin [12] . However, the mechanisms responsible for the anticancer activity of the ACBPs remain undiscovered. In this study, we used human colorectal tumor cell line, HCT116, as a research model to study the interaction of ACBPs with the genes that are involved in apoptosis.
Members of the caspase (cysteinyl aspartate-specific protease) family play a significant role in apoptosis [13] . PARP is the target of caspase-3 [14] . When PARP is cleaved by caspase-3, Ca 2+ /Mg 2+ -dependent endonuclease activity will be increased to degrade microsomal DNA, initiating apoptosis [15] . The role of p53 in apoptosis has been extensively reported, and it is known to bind to the Bcl-2 protein in the cytoplasm. The Bcl-2 family consists of highly homologous proteins that can be divided into anti-apoptotic (Bcl-2, Bcl-xL, and Mcl-1) and proapoptotic (Bax, Bak, PUMA, Noxa, and Bim) members. Mcl-1 is a member of the Bcl-2 family that has a short half-life [16] . Overexpression of Mcl-1 can support tumor cell survival [17] , but the mechanism by which Mcl-1 promotes cell survival remains unclear. Mcl-1 can also bind to Bim or Bak to form a heterodimer that inhibits the release of cytochrome c to block apoptosis [18] . After cells receive apoptotic stimuli such as UV, intracellular p53 levels increase. Therefore, p53 can compete [19] . The increased mitochondrial membrane permeability due to changes in the conformation of Bax/Bak promote the release of cytochrome c and facilitate the formation of the apoptosis complex, which is composed of cytochrome c, ATP, and Apaf-1 [19] . In this study, we assessed how PARP, p53, Mcl-1, and PUMA are altered in response to ACBP treatment in in vitro and in vivo models.
First, our results showed that ACBPs significantly inhibited HCT116 cell growth in vitro and also enhanced UV-induced cell apoptosis. Western blotting analysis revealed that PARP and p53 were upregulated, whereas Mcl-1 was nearly absent when the cells were subjected to ACBP treatment. PARP is a DNA damage receptor that functions upstream of the p53 signaling pathway. Upregulation of PARP by radiation-induced DNA damage can induce p53, which in turn targets the Mcl-1 binding sites on Bak and/or Bax to release Mcl-1. Free Mcl-1 is susceptible to degradation. However, PUMA did not show any response to the ACBPs. Therefore, we hypothesize that the PARP-p53-Mcl-1 pathway may be involved in ACBPinduced apoptosis in HCT116 cells ( Figure 5) .
Second, we further investigated our in vitro findings using a xenograft animal model. We found that the average tumor size of the ACBP-treated mice was smaller than the average tumor size in the control group, which is likely to be responsible for the improved ability of the ACBP-treated mice to survive due to reduced tumor burdens. Cell cycle and apoptosis analyses indicated that ACBPs promoted the entry of tumor cells into the S phase. In addition, HE staining showed that apoptosis in tumor tissues resulted from ACBP treatment.
Immunohistochemistry results indicated that PARP and p53 were overexpressed in xenograft tumor tissues from the ACBP-treated mice; however, PARP expression was not statistically different from the control group. In agreement with the in vitro results, Mcl-1 was dramatically decreased in tumor tissues subjected to ACBP treatment, but PUMA was not altered in either the ACBP-treated or control group.
In summary, our results demonstrate that ACBPs are novel anticancer agents for the treatment of colorectal cancer because they can effectively inhibit tumor growth and induce apoptosis. Our in vitro and in vivo findings suggest that PARP, p53, and Mcl-1 are involved in carrying out the apoptosis induced by ACBPs. These results provide novel insights into our understanding of the molecular mechanisms underlying the anticancer activity of ACBPs, which will allow the development of more efficacious and safer bioactive agents for use in control of colorectal cancer.
